In contrast to the extensive analysis of the regulation of Cyclin B protein levels during developmental progression through meiosis in oogenesis, little is known about Cyclin A. Repression of cyclin A translation early in prophase I in Drosophila is important to maintain the oocyte in meiosis, and this has been shown to be mediated by deadenylation of the mRNA and inhibition by the Bruno repressor. We find that at oocyte maturation as meiosis resumes, Cyclin A protein reappears, coincident with polyadenylation of the mRNA and loss of Bruno repressor. Cyclin A is multiphosphorylated in a pattern consistent with autophosphorylation, and this form accumulates aberrantly in metaphase I if the Cortex form of the Anaphase Promoting Complex/Cyclosome is inactive. The PAN GU (PNG) kinase positively promotes translation of Cyclin A, beginning in oogenesis, an earlier onset than previously recognized. After egg activation and the completion of meiosis, PNG promotes further polyadenylation of cyclin A mRNA and appears to antagonize repression of translation by the PUMILIO inhibitor. Epistasis studies with png; apc mutants indicate that PNG acts solely to promote translation, rather than having a parallel function to inhibit degradation. These studies reveal multiple levels of posttranscriptional regulation of Cyclin A protein by translational and proteolytic control during oocyte maturation and the onset of embryogenesis.
APC/C ͉ Drosophila ͉ oocyte maturation ͉ PNG kinase ͉ translation A nimal development requires precise regulation of the meiotic cell cycle and restart of the embryonic cell cycle. During oogenesis the meiotic cell cycle is arrested at 2 points. The primary arrest point, in prophase I, permits differentiation of the oocyte. The secondary arrest point, at metaphase I in insects and metaphase II in most vertebrates, allows coordination between the completion of meiosis and fertilization. In organisms that undergo rapid embryogenesis such as insects, marine invertebrates, and amphibians, a modified embryonic cell cycle is used in which DNA replication oscillates with mitosis without gap phases, growth, or transcription.
Ooctye maturation causes exit from the primary meiotic arrest and progression into meiotic divisions. It is driven by Maturation Promoting Factor (MPF), the Cyclin B/CDK1 kinase complex. The regulation of the meiotic cell cycle at maturation is best understood in Xenopus, where control of translation by polyadenylation leads to the translation of both Cyclin B to produce MPF and the Mos kinase, which is crucial in maintaining the secondary meiotic arrest (1) . In Drosophila oogenesis, some mRNAs become polyadenylated at maturation, dependent on the GLD2 cytoplasmic poly(A) polymerase (2) . The cyclin B mRNA is polyadenylated initially at oocyte maturation, coinciding with appearance of the protein in meiosis (3, 4) . Cyclin B is required for female fertility in Drosophila (5), and Cyclin B/CDK1 activity is likely to promote oocyte maturation and the release of the prophase I arrest. In both CDK1 and twine mutants, lacking the meiotic form of the Cdc25 phosphatase, oocyte maturation is delayed (6, 7) . POLO, a known activator of Cdc25, also activates exit from prophase I arrest and is kept inactive during the arrest by the Mtrm inhibitor (6) . The Drosophila endosulfine gene (dendos) too is needed for oocyte maturation, via its effect on levels of Twine and POLO proteins (7).
In Drosophila, egg activation, which occurs as the oocyte moves into the uterus, releases the metaphase I secondary arrest but in addition triggers additional polyadenylation, renewed translation, hardening of the vitelline envelope and cytoskeletal rearrangements (8) . Levels of Cyclin B protein also are translationally activated in Drosophila during egg activation and during the embryonic cell cycles. The cyclin B mRNA poly(A) tail is further extended during activation, and this appears to be needed for translation of normal levels of Cyclin B protein during the embryonic divisions (4) . Cyclin B protein is targeted for destruction on exit from meiosis by a meiosis-specific form of the Anaphase Promoting Complex/Cyclosome, APC/C Cort , and possibly by APC/ C Fzy(Cdc20) as well (9, 10) . Renewed translation of Cyclin B after the completion of meiosis is dependent on the PNG kinase complex, which acts by both poly(A) dependent and independent mechanisms (4). In the absence of PNG function meiosis is completed, but the meiotic products persist in an interphase state, undergoing DNA replication but not mitosis to produce giant, polyploid nuclei (11, 12) .
Less is understood about the roles and regulation of Cyclin A during metazoan meiosis. Cyclin A2 is expressed in mouse oocytes, but its function is not yet defined (13) . In Drosophila oogenesis Cyclin A levels must be controlled precisely for oocyte differentiation and for the onset of meiosis. The mitotic divisions early in oogenesis that produce the oocyte and its sister nurse cells are dependent on Cyclin A (14) . Although these cells are connected by cytoplasmic bridges, solely the oocyte goes through meiosis, while the nurse cells become polyploid by the endo cycle. Cyclin A protein levels are controlled posttranscriptionally early in oogenesis by deadenylation of the mRNA (15) and during the prophase I arrest by repression of translation by Bruno (16) . After oocyte maturation Cyclin A is degraded by metaphase I by targeting by APC/C Cort (10) . This degradation is also dependent on Cks30A (17) . The levels of Cyclin A protein are reduced in png mutants, although Cyclin B appears to be the critical target responsible for the embryonic cell cycle defects in these mutants (18, 19) .
Here, we exploit the ability to isolate sufficient quantities of oocytes at specific stages of the meiotic cell cycle to analyze the control of Cyclin A protein during Drosophila oogenesis and early embryogenesis. We find that it is regulated by multiple posttranscriptional controls correlated with oocyte maturation, completion of the meiotic cell cycle and restart of the embryonic cell cycles.
and examined the levels of Cyclin A protein on immunoblots. Drosophila egg chambers have distinct morphologies that identify successive stages of meiosis in the oocyte. The prophase I arrest occurs in stages 6-12. Oocyte maturation occurs in stages 12-13, with the nuclear envelope breaking down in stage 13, the meiotic spindle assembling, and prometaphase I occurring (20, 21) . A stable metaphase I secondary arrest is achieved by stage 14. This secondary arrest is released as the oocyte traverses the uterus and is activated, regardless of whether it is fertilized, so in both unfertilized eggs and fertilized embryos meiosis is completed (22, 23) . Fertilized embryos resume the cell cycle with a modified rapid S-M cycle.
Consistent with the results in ref. 16 , we found that the levels of Cyclin A protein are markedly lower during prophase I arrest than in earlier stages (Fig. 1A , stages 1-6 versus stage 10). Strikingly, upon oocyte maturation, levels of Cyclin A protein dramatically increase, and the protein is present in multiple forms with reduced electrophoretic mobility ( Fig. 1 A, stage 12) . Levels of Cyclin A protein are low in metaphase I arrested oocytes ( Fig. 1 A, stage 14) , but the high mobility form of the protein becomes detectable again after the completion of meiosis ( Fig. 1 A, Unfertilized eggs) . These results suggest that Cyclin A protein becomes translated and posttranslationally modified at oocyte maturation.
Although the oocyte is stockpiled with cyclin A mRNA, it is blocked from translation during prophase I arrest by the Bruno translational repressor, shown by Sugimura and Lilly to bind to the 3ЈUTR of the mRNA (16) . Failure of this repression leads to loss of the prophase I arrest, and Bruno protein was undetectable at metaphase I (16) . We examined protein levels of Bruno during oocyte progression through meiosis to test the hypothesis that loss of this translational repressor permits Cyclin A translation to facilitate entry into meiosis I. Although Bruno protein is abundant in early egg chambers and prophase I-arrested egg chambers (Fig.  1B, stages 1-8 and 9-10B ), the levels abruptly decline at oocyte maturation (Fig. 1B, stages [12] [13] and are undetectable at the metaphase I arrest (Fig. 1B, stage 14) . These observations are consistent with renewed translation of Cyclin A at maturation after loss of the Bruno repressor protein.
Maternal mRNAs also can be masked for translation by a short poly(A) tail. Oocyte maturation in Xenopus is triggered by polyadenylation of cyclin B mRNA, leading to translation of Cyclin B and active MPF (cyclin B/CDK1) (1). In Drosophila oogenesis, poly(A) tail lengthening occurs both at oocyte maturation and activation (3) . Lengthening of the poly(A) tail of cyclin B mRNA at each of these meiotic transitions is correlated with renewed appearance of the protein (3, 4) , and polyadenylation of the mRNA for the meiosis-specific APC/C activator Cortex by the GLD2 cytoplasmic poly(A) polymerase has been shown to be required for its translation at maturation (2) . Given these precedents, we tested whether polyadenylation could be an additional mechanism besides loss of Bruno contributing to the increase of Cyclin A protein at maturation. We isolated RNA from staged egg chambers and used PAT assays to measure the length of the poly(A) tail on cyclin A mRNA. We found that the poly(A) tail is lengthened at maturation at stage 12 and further lengthened during progression to metaphase I (Fig. 1C) . Thus, in addition to loss of repression by Bruno, polyadenylation may also contribute to the reappearance of Cyclin A protein as oocytes exit the prophase I arrest and resume the meiotic cell cycle.
Cyclin A Protein Is Multiply-Phosphorylated During Meiotic Progression. Cyclin A protein has been shown to exist in phosphorylated forms in the Drosophila embryo, with the most highly phosphorylated forms correlated with active Cyclin A/CDK1 kinase (24) . Furthermore, Cyclin A recently has been demonstrated to undergo autophosphorylation (25) . We observed 4 forms of Cyclin A present during oogenesis: 2 fast migrating, premeiotic forms, 4 forms in prometaphase I, the slowest migrating form in metaphase I, and all 4 forms after the completion of meiosis (Fig. 1 A) . These 4 forms match the forms present in early Drosophila embryos ( Fig. 2A) . Treatment of protein extracts made from total ovaries or early embryos with lambda phosphatase demonstrated that indeed the altered mobility is due to phosphorylation, because as assayed by immunoblots, phosphatase treatment converted all of the Cyclin A protein to the faster migrating form (Fig. 2 A) . We confirmed the previous observation that the PNG kinase is not required for the modification of Cyclin A (Fig. 2 A) (18) .
We developed an in vitro phosphorylation assay for Cyclin A and applied it to map the domains of the protein needed for phosphorylation. 35 S methionine-labeled Cyclin A protein was synthesized by a coupled in vitro transcription/translation system and incubated with a Drosophila embryonic extract. Addition of the embryonic extract led to the altered electrophoretic mobility of Cyclin A, shown to be the consequence of phosphorylation by phosphatase treatment (Fig. 2B , far left). This in vitro system permitted us to exploit deletion derivatives of Cyclin A to delineate the domains of the protein required for phosphorylation (26) . The C-terminal half of the protein was essential for phosphorylation, and all of the protein except the N-terminal 80 aa was needed for full phosphorylation ( Fig. 2 B and C) . Interestingly, the C terminus contains the cyclin box and is responsible for interaction between Cyclin A and CDK1. Two of the 3 principal autophosphorylation sites in Cyclin A map to the N-terminal 170 aa (T145 and S154), but a third is at S180 (25) . Thus, it is striking that a single phosphoform is observed in the form of Cyclin A deleted for the N-terminal 170 aa. These mapping observations are consistent with both the meiotic and embryonic forms of Cyclin A resulting from autophosphorylation. As in vivo, in vitro PNG kinase activity is not required for Cyclin A phosphorylation (Fig. 2B, far right) .
Effect of cort, apc, and png Mutants on Cyclin A Phosphoforms. The Cortex form of the APC/C is needed for degradation of Cyclin A in meiosis and levels of Cyclin A are decreased by metaphase I (9, 10). We compared the abundance of the forms of Cyclin A in cort mutants and in mutants for morula, which encodes the APC2 subunit (27) , to determine whether particular forms of Cyclin A persist when APC/C is compromised. In fertilized embryos from cort QW55/RH65 or mr 1/2 mutant females the most highly phosphorylated form of Cyclin A was specifically enriched (Fig. 3A) . Similar results were obtained for metaphase I arrested oocytes and unfertilized eggs from these mutants. These results indicate either that the most phosphorylated form of Cyclin A is targeted for destruction by APC/C Cort or that the increased levels of Cyclin A resulting from mutation of APC/C Cort lead to increased autophosphorylation of Cyclin A/CDK1.
We showed that the PNG kinase complex is required for normal levels of Cyclin A protein in unfertilized eggs and during the embryonic divisions (18) . Given the posttranscriptional control of these cycles, PNG could affect Cyclin A levels either by promoting translation or inhibiting degradation. The dependence of Cyclin A degradation in meiosis on APC/C Cort permitted us to do an epistasis experiment to determine whether PNG function contributes to Cyclin A protein levels by inhibiting its proteolysis. If this were the case, the levels of Cyclin A protein would be restored in a png, cort double mutant in which degradation is blocked by the cort mutation. We examined Cyclin A levels in unfertilized eggs from png 1058/3318 , cort QW55/RH65 mutant females and found that the low levels of Cyclin A protein observed in png mutants were not restored by mutation of cort (Fig. 3B) . The same result was obtained with embryos from the double mutant mothers. These results show that png does not affect Cyclin A protein levels by inhibiting APC/C Cort .
To test whether PNG could act by inhibiting the other form of the APC/C present during these developmental stages, APC/C Fzy (9, 10), we examined double mutants with png 1058/3318 and the femalesterile alleles of the APC2 gene, mr 1/2 . Although Cyclin A levels were high in the mr unfertilized eggs, they were present at low levels in the unfertilized eggs from png; mr double mutant mothers, comparable to the single png mutant (Fig. 3C) . Cyclin A levels also were low in embryos from double mutant mothers. Thus, PNG does not appear to affect Cyclin A levels by inhibiting either form of APC/C. Activity of the PNG kinase requires its association with the activating subunits GNU and PLU (28) . PNG kinase can be activated prematurely in oogenesis by induction of GNU (29) , and this leads to increased levels of Cyclin B protein (4). We found that induction of GNU during oogenesis also resulted in increased levels of Cyclin A protein, but strikingly of the unphosphorylated form (Fig. 4A) . Given that this form of Cyclin A appears in a PNGdependent manner in unfertilized eggs and embryos after the completion of meiosis (Figs. 2 A and 4A ), it appears that the Cyclin A protein translated at maturation becomes phosphorylated and degraded by APC/C cort and that PNG promotes translation of new Cyclin A after meiosis, which is in the unphosphorylated form. (26) . The C terminus of the protein is required for phosphorylation, amino acids 1-170 are required for 2 of the phosphorylations, but amino acids 1-80 are dispensable for phosphorylation. The autophosphorylation sites for cyclin A are T145, S154, and S180, shown by red X's (25). PNG promotes Cyclin B translation by facilitating additional polyadenylation of the mRNA at egg activation and by a poly(A)-independent mechanism (4). We isolated RNA from embryos from wild type, png, plu and gnu mutant mothers to test whether PNG activity was needed for cyclin A polyadenylation. PAT assays showed that although some polyadenylation of cyclin A mRNA occurred in png, plu, or gnu mutants, the length of the poly(A) tail was shorter than wild type in these mutant embryos (Fig. 4B ). Given the relationship between poly(A) tail length and efficiency of translation (1), these results are consistent with compromised translation of Cyclin A in PNG kinase mutants. This experiment also shows that cyclin A mRNA is present in png mutant embryos.
We used a luciferase translation reporter and embryo injection assay as an additional test for whether PNG affects Cyclin A translation (4) . A firefly luciferase mRNA is translated efficiently after injection into embryos from null png 1058 mutant mothers (Fig.  4C) . Addition of the 3ЈUTR from ␣-tubulin did not affect translation of the reporter mRNA, but in contrast addition of the 3ЈUTR from cyclin A resulted in inhibition of translation in png mutants (Fig. 4C) . The levels of inhibition were comparable to those seen with a reporter with the 5Ј and 3Ј UTRs of cyclin B (Fig. 4C) . These results indicate that, as for cyclin B, the 3ЈUTR of cyclin A contains a target for inhibition of translation, and functional PNG kinase is necessary to overcome this inhibition.
PNG acts antagonistically to the PUMILIO translational repressor, because mutation of pum dramatically suppresses the png mutant phenotype of absence of mitosis in the embryonic cell cycle (4). This is associated with an increase in the levels of Cyclin B protein (4) . We analyzed whether loss of pum could also restore Cyclin A protein levels in png mutants and observed this to be the case (Fig. 4D) . This result suggests that PNG promotes the translation of both Cyclin A and B by overcoming inhibition by PUMILIO.
Phenotypically the onset of the cell cycle defects resulting from loss of PNG kinase activity is after the completion of meiosis. The meiotic products in the egg go through a transient interphase state, then in the first mitotic phase of development, the chromosomes of the polar body meiotic products condense (30) . If PNG kinase activity is compromised, these meiotic products do not leave interphase and unregulated DNA replication occurs (12, 11) . Consistent with this, it has been demonstrated that activation of PNG kinase after meiosis can at least partially rescue the cell cycle and maternal mRNA destablization functions of PNG by restoring Cyclin B and SMG translation (31, 32) . In analyzing Cyclin A protein in oogenesis, we made the unexpected observation that levels already are reduced in stage 14 oocytes in png 1058 mutant mothers (Fig. 4E) . Thus, PNG begins to promote Cyclin A protein accumulation as early as metaphase I, indicating that PNG kinase is active during oogenesis.
Discussion
Developmental Control of Cyclin A Translation. These studies provide support for 2 mechanisms regulating translation of cyclin A mRNA during oogenesis and early embryogenesis, by polyadenylation and results in increased levels of Cyclin A in ovaries enriched for late stage egg chambers. Strikingly, the unphosphorylated form of Cyclin A appears (arrows), whereas normally it is not seen until after the completion of meiosis (as in extracts from unfertilized eggs). The immunoblots were probed also with antibodies against Cyclin B to confirm that it too is increased by induction of GNU, and against Tubulin as a loading control. (B) PAT assay on cyclin A mRNA isolated from wild-type ovaries or embryos laid by wild type, png, plu or gnu mutant females. The cyclin A poly(A) tail is lengthened at egg activation (top arrow, compare wild type embryo to ovary, bottom arrow). The poly(A) tail does not fully lengthen in the absence of PNG kinase activity (middle arrow, png, plu and gnu mutants). (C) PNG is needed to overcome inhibition of Cyclin A translation conferred by the 3ЈUTR. mRNAs were transcribed in vitro from the luciferase reporter gene alone or flanked by the ␣-tubulin 3ЈUTR, the 5Ј and 3Ј UTRs of cyclin B, or the 3ЈUTR of cyclin A. These were injected into wild-type or png 1058 mutant embryos, and the level of luciferase activity assayed. The data are presented as a ratio of luciferase activity obtained from png mutant embryos relative to wild type. (D) Double mutants between png and the translational repressor pum show an increase in Cyclin A protein levels compared with png mutants and the reappearance of the unphosphorylated form. Protein extracts were prepared from embryos laid by mothers of the indicated genotype and immunoblots bound to antibodies against Cyclin A, Cyclin B, or Tubulin. Only 2 forms of Cyclin A are distinguishable under the electrophoresis conditions used in this experiment. (E) Cyclin A protein levels are decreased in png mutant eggs and in stage 14 oocytes, suggesting the PNG kinase complex functions before egg activation to promote Cyclin A levels.
translational repressors (Fig. 5) . The poly(A) tail of cyclin A mRNA is short during prophase I arrest, and its lengthening correlates with appearance of the protein at oocyte maturation. It remains to be determined how this polyadenylation is controlled, but a likely possibility is that it may involve the GLD2 poly(A) polymerase shown to polyadenylate other mRNAs at maturation (2, 33) . The poly(A) tail is further increased at egg activation in a mechanism that requires active PNG kinase, and this may contribute to efficient translation of Cyclin A during early embryogenesis.
Two translational repressors, acting at distinct developmental times, appear to control Cyclin A translation (Fig. 5) . Bruno has been shown to bind to the 3ЈUTR of the cyclin A mRNA and to be necessary to block protein accumulation during the prophase I arrest. Our observation that Bruno protein disappears at maturation raises the possibility that this may contribute to the abrupt appearance of Cyclin A protein at maturation. It will be necessary to identify the mechanism responsible for loss of Bruno protein to then determine whether its absence is required for Cyclin A translation at maturation. Given the importance of low Cyclin A protein levels for the prophase I arrest it appears that 2 mechanisms of a shortened poly(A) tail and presence of Bruno protein block its translation before maturation.
The PUM translational repressor is a likely candidate for regulating the translation of Cyclin A during embryogenesis. Mutation of the pum gene restores Cyclin A translation in png mutant embryos. PUM binds via its partner NANOS to a sequence motif, the Nanos Response Element (NRE) (34, 35) . A degenerate NRE is present in the 3ЈUTR of the cyclin A mRNA with the sequence gc(u)ugu . . . 9 . . . auugua. An NRE mutant in the hb mRNA with a similar sequence has been shown to bind PUMILIO (36, 37) . This raises the possibility that PUM binds to cyclin A mRNA, as it has been shown to do on the cyclin B mRNA (35) . It remains to be determined whether PNG directly antagonizes PUM, but control of mitotic Cyclin translation by PUM during embryogenesis could provide an additional level of regulation of S-M oscillation during the early embryonic cycles.
PNG Kinase Affects Cyclin A Levels in Meiosis. An unexpected result from these studies is that the levels of Cyclin A protein in png mutant stage 14 oocytes are even lower than in wild type. This indicates that during metaphase I new pools of Cyclin A protein are being translated in a PNG-dependent manner. It remains to be determined whether PUM inhibits Cyclin A translation during late oogenesis and, if so, if PNG functions to counteract this. This result also reveals that PNG is active before the completion of meiosis.
Control of Cyclin A Degradation in Meiosis. We found that APC/C Cort leads to the degradation of Cyclin A by metaphase I, and here we show that the most phosphorylated form of Cyclin A inappropriately persists in cort or mr (APC2) mutants. This form of Cyclin A is likely to arise by autophosphorylation, as supported by our observations that the C-terminal domain through which Cyclin A interacts with CDK1 is needed for phosphorylation, and that deletion of the region containing 2 of the 3 autophosphorylation sites results in a single phospho form of Cyclin A. We propose that during meiosis autophosphorylation of Cyclin A permits it to be targeted for degradation. During embryogenesis, autophosphorylation is not required for Cyclin A degradation, but in embryogenesis it is ubiquitinated by APC/C Fzy (25) . There could be a distinction between the requirements of Cort and Fzy, or phosphorylation could facilitate ubiquitination but not be absolutely required. Another possible explanation for the accumulation of the most phosphorylated form of Cyclin A in cort and mr mutants that is not excluded by these data are that this form accumulates because of persisting high levels of active Cyclin A/CDK1 in these mutants.
The observation that the most phosphorylated form of Cyclin A accumulates in the absence of APC/C Cort function provides insights into how Cks30A may control Cyclin A levels. Swan and Schupbach found that in cks30A (rem) mutants the levels of Cyclin A protein are elevated in ovaries (17) , and their immunoblot shows this to correspond to a form with slow electrophoretic mobility and therefore phosphorylated. This suggests that Cyclin A autophosphorylation is not compromised in cks30A mutants. Thus, as in human mitosis, Cks30A may directly affect Cyclin A ubiquitination by APC/C Cort , as opposed to an indirect effect of increasing APC/C phosphorylation by increasing Cyclin A/CDK1 kinase activity (38) .
Roles of Cyclin A in Meiosis. Mutations in the cyclin A gene cause embryonic lethality, preventing direct tests of its function during meiosis (39) . The abrupt appearance of the protein upon release of the prophase I arrest and its transient presence until metaphase I suggest that as in mitosis, Cyclin A/CDK1 activity is needed for progression through prophase and prometaphase. We speculate that the activation of Cyclin A/CDK1 kinase helps drive oocytes out of prophase I arrest and into the first division. If Cyclin A is needed for prophase and prometaphase II, low levels of the protein may be sufficient, but it is also possible that Cyclin B, which remains high until the completion of meiosis, suffices for meiosis II. It remains to be determined whether Cyclin A must be degraded by metaphase I for proper meiosis. In Drosophila embryonic mitoses, nondegradable Cyclin A prolongs prometaphase and can cause aberrant chromosome morphology (40, 41), but it does not block mitosis. If (10), so APC/C Fzy controls Cyclin A destruction during the early embryonic divisions (40, 48, 49) . PNG is needed during the early embryonic divisions for translation of Cyclin A, but this requirement is obviated if pum is mutated.
a parallel effect occurs in meiosis I detection would require precise live imaging of the timing of prometaphase I.
The parallel mechanisms to regulate Cyclin A levels both early in the meiotic cell cycle and during oocyte maturation and egg activation emphasize the importance of precise fine tuning of the amounts of Cyclin A protein during these meiotic stages. This paper shows that control pathways to meet this demand operate post transcriptionally.
Materials and Methods
Drosophila Stocks. The cort RH65 and cort QW55 null alleles are described in refs. 42 and 43. The png 1058 allele is a functional null (11, 18) . plu 6 and gnu 305 are described in refs. 11 and 44. mr 1 and mr 2 are female-sterile alleles (27, 45) . The UASp gnu-GFP transgenic line was obtained from Myles Axton (29) . Embryos mutant for pum where obtained from females transheterozygous for In(3R)Msc and T(1;3)FC8, pum alleles obtained from Ruth Lehmann and Robin Wharton (46) . The male sterile translocation strain T(Y;2)#11 cn bw D mr 2 /b cn mr 1 bs 2 /SM6A was used for crosses to produce unfertilized eggs, because these males do not make sperm (45) .
Egg Chamber Isolation and Immunoblots. Egg chambers were dissected in Grace's media and staged using the morphological criteria in (47) . Thirty micrograms of egg chamber protein extract was used for each lane for the immunoblots. Protein extracts were prepared as described in ref. 4 . The phosphoforms of Cyclin A were separated on long 7.5% SDS/PAGE gels. Anti-Cyclin A antibody A19, a gift from P. O'Farrell (University of California, San Francisco), was used at 1:50. Anti-Cyclin B F2F3 (39) was used at 1:200, and rat anti-␤-Tubulin (YL1/2 and YL1/34, Harlan Seralab) was used at 1:200. Alkaline phosphatase and HRP-conjugated secondary antibodies were used to detect the primary antibodies.
PAT Assays. RNA isolation and PAT assays were as described in ref. 4 . For the PAT assays on egg chamber RNA, the primer used was GCACCAGCAGCCGGATATTA. For embryo RNA, the primer was GAAATTGGAGGAAGCCACCG.
Phosphorylation Assays. The 35 S radiolabeled Cyclin A truncations [clones obtained from F. Sprenger (University of Regensburg, Germany) (26)] were in vitro-transcribed and -translated according to the manufacturers instructions (TNT T7 Coupled Reticulocyte Lysate System). Two microliters of IVT reaction was incubated in 15 L of Drosophila embryo extracts (made in 1:4 volumes lysis buffer: 25 mM Hepes, 100 mM NaCl2, 1 mM EGTA, 10% glycerol) for 30 min at room temperature. These were then separated on 7.5% SDS/PAGE gels and exposed to film. To determine the phosphatase sensitivity of the Cyclin A isoforms, embryo and ovary extracts were made in lysis buffer and incubated with and without Lambda phosphatase (NEB) for 30 min at 37C. Extracts were then separated by 7.5% SDS/PAGE and detected by Western blot analysis as described above.
Embryo Translation Assay. RNA production and injection into embryos and luciferase assays were done as described in ref. 4 .
